force field-derived vibrational frequencies and spectroscopic constants for the isomeric pair SNO and OSN and isotopologues" (2015). The SNO and OSN radical isomers are likely to be of significance in atmospheric and astrochemistry, but very little is known about their gas phase spectroscopic properties. State-of-the-art ab initio composite quartic force fields are employed to analyze the rovibrational features for both systems.
I. INTRODUCTION
NO 2 is an unmistakably important atmospheric molecule belonging to the NO x ("nox") family of atmospheric pollutants. Additionally, sulfur-oxygen compounds are known pollutants, as well, originating from natural as well as manmade sources. Hence, the inclusion of sulfur in nox-like molecules and nitrogen in sulfoxide compounds has garnered much interest in the atmospheric chemistry community for some time.
1-7 However, such interest does not stop with Earth's atmosphere. The sulfur-rich atmosphere of Venus is also a tantalizing location for the study molecular species containing nitrogen, oxygen, and sulfur atoms, 8, 9 but there is no need to limit such study to standard pressures. Extending beyond our own solar system, the interstellar medium (ISM) is known to possess dozens of small molecules in regions as diverse as circumstellar envelopes, giant molecular clouds, and even the diffuse ISM. 10 In fact, nitric oxide was detected in 1978 toward gas cloud Sagittarius B2(N) and, as a result, also the center of galaxy. 11 Furthermore, this detection is preceded by the telescopic spectral isolation of SO and SO 2 five and three, respectively, years prior to NO. 12, 13 As a result, molecules of the [N, O, S] family are likely of significance in each of these environments ranging from the tangible to the remote.
The simplest molecules of this class are the three triatomics: SNO, OSN, and NOS. SNO was first observed in the laboratory in 1975 by Tchir and Spratley from photolysis reactions of cis-HNSO isolated in argon matrices.
1, 2 The two highest frequency modes of SNO were assigned to bands in the resulting infrared spectrum at 1523.0 cm −1 (ν 1 ) and 789.7 (ν 3 ) cm −1 , 1 while a band at 1195 cm −1 was assigned to the SO stretch of OSN. 2 The 1523.0 cm −1 band of SNO and 1195 cm The known spectroscopic data for SNO and OSN have been included in atmospheric models of the Venusian atmosphere, 8, 9 but it has yet to be established where else these simple molecular radicals may arise. To this point in time, there exists little experimental data on the gas phase spectral features of SNO and OSN, the only experimentally observed [N, O, S] isomers. Theoretical data have been produced for SNO including electronic excitations and rotational data, 14 but the vibrationally excited rotational analysis of SNO as well as predictions for the sextic rotational constants has not been previously undertaken with almost no spectral data available for OSN. Such information is necessary for any atmospheric or interstellar studies related to these systems.
Fortunately, highly accurate ab initio quantum chemical methods are beginning to produce spectroscopically meaningful data to assist with such applied research. The use of quartic force fields (QFFs) in spectroscopic analysis has recently provided exceptional comparison to experiment for rotational constants (<0.2%) and fundamental vibrational frequencies with some studies reporting hydride stretches to as good as 1.0 cm −1 as compared to experiment. [15] [16] [17] [18] [19] [20] QFFs are fourth-order Taylor series expansions of the potential portion of the nuclear Hamiltonian which may then be utilized in solving the nuclear Schrödinger equation. QFFs are of the form
where ∆ i are displacements along a chosen set of coordinates, and the F i j ... are the force constants of unrestricted i, j, k, l indices. Coupling second-order vibrational perturbation theory (VPT2) 21, 22 and rotational perturbation theory 23 to such a potential surface can provide a full range of vibrational and rovibrational data necessary to describe more fully the system of interest. There has been much success recently in the analysis of the cis-and trans-HOCO radicals, 24, 25 the HSCO and HOCS analogues, 26 and in noble gas polyhydrides 27, 28 from QFFs in order to provide a deeper understanding of these important but experimentally transient systems. This same approach is applied here for the SNO and OSN radical isomers.
II. COMPUTATIONAL DETAILS
All electronic structure computations in this work make use of the restricted-open shell Hartree-Fock reference wavefunction, [29] [30] [31] coupled cluster theory at the singles, doubles, and perturbative triples [CCSD(T)] level, 32 and the MOLPRO 2010.1 quantum chemistry program. 33 The two exceptions are the double-harmonic fundamental vibrational frequency intensities. These are computed by MP2/aug-cc-pVTZ with the Gaussian09 program. 34, 35 In keeping with the proven methodology for composite energy QFFs, 36, 37 the reference geometry is optimized with the aug-cc-pV5Z basis set, 38, 39 where the additional (5 + d) functions are included for the sulfur atom and are implied in the basis description for the remainder of the discussion. Corrections to this geometry are made for core correlation by using the Martin-Taylor (MT) core correlating basis set 40 in two geometry optimizations: one including the core electrons and one without. The differences in the subsequent optimized geometric parameters are then added to the CCSD(T)/aug-ccpV5Z results.
From this reference, a grid of 129 points is generated for each isomer. The points are used to fully define Eq. (1). For SNO, coordinate 1 is the S-N bond length, coordinate 2 is the N-O bond, and coordinate 3 is the bond angle. Similarly for OSN, coordinate 1 is the O-S bond, coordinate 2 is the S-N bond, and coordinate 3 is the bond angle. At each point, the CCSD(T)/aug-cc-pVTZ, aug-cc-pVQZ, and aug-cc-pV5Z energies are computed and extrapolated to the complete basis set (CBS) limit via a three-point formula. 41 Subsequently, composite corrections are made, again, for core correlation with the MT bases and for scalar relativity through the DouglasKroll formulation 42 and are added to the CBS energy. The use of these three terms (CBS, core correlation, and relativity) produces the abbreviated CcCR QFF. 24 For all of the electronic structure computations, the T 1 diagnostics are very close to 0.03, small enough to justify the use of single-reference wave functions. 43 Fitting of these points through a least-squares procedure produces the equilibrium geometry. Refitting the surface with the new minimum gives zero values for the gradients and properly defined quartic, cubic, and quadratic force constants. Transformation of these force constants from simpleinternal to Cartesian coordinates is done through the INTDER program. 44 The SPECTRO program 45 uses the force constants determined from the CcCR QFF to compute the VPT2 frequencies and the spectroscopic constants. In so doing, SNO requires input of the 2ν 3 = ν 1 type-1 Fermi resonance, and OSN requires the ν 3 + ν 2 = ν 1 type-2 Fermi resonance.
III. RESULTS AND DISCUSSION

A. SNO
The force constants for SNO are given in Table I and are determined from a fit with a sum of residuals squared on the order of 10 −16 a.u. 2 . Since the bond strengths are largely proportional to the diagonal, harmonic force constants, it is interesting to note that the S-N bond is roughly equal to the strength of the N-O bond. However, the S-N bond length is significantly longer at 1.584 201 Å than the N-O bond of 1.191 203 Å as given for the vibrationally averaged (R α ) bond lengths in Table II . The cubic and quartic force constants from Table I are notably larger than any others computed with a similar methodology. Within the Born-Oppenheimer approximation, the equilibrium geometrical values remain the same among isotopologues, but the vibrationally averaged values will change. Replacement of standard 32 S with 34 S, for instance, decreases the S-N bond by 0.000 059 Å while the N-O bond length and ∠(S-N-O) remain largely unchanged. Inclusion of 15 N or 18 O also affects the geometries and, subsequently, the vibrationally averaged rotational constants.
The SNO equilibrium rotational constants, also given in Table II , are in line with those determined previously.
14 Hence, A 0 , B 0 , and C 0 should be reliable, theoretically improved values, especially for the B-and C-type constants. This molecule has fairly significant linear character due to the 140.083
• bond angle, and the presence of the heavier sulfur atom at the end of the molecule. B 0 and C 0 differ by 0.006 159 cm −1 , and A 0 is nearly 40× larger. Isotopic substitution drops every rotational constant in every case highlighting strong distinguishability with high-resolution techniques for each isotopologue. The quartic and sextic distortion constants are provided in each case. Comparison between the standard SNO CcCR QFF D x constants and those from Ref. 14 is fairly good. Even though the D K values differ by a factor of two, they are still within the same order of magnitude. It has been shown that some D-type constants computed with the current methodology can be in error by as much as 40% for those that are anharmonically affected. 46 However, most are in error by less than 10%. 47 There is no reason to suspect such an issue with SNO insinuating that the distortion constants provided herein should be experimentally meaningful. The dipole moment is 0.77 D. 3 = ν 1 Fermi resonance leads to significant mixing in these states. These are hand-assigned and differ from the SPECTRO assignments.
The harmonic and anharmonic vibrational frequencies are also given in Table II . The most intense transition is ω 1 , the N-O stretch, with a double-harmonic intensity of 371 km/mol. The bend has almost no intensity explaining why it has not been observed in any experiments to date: Ar-matrix or gas phase. The intensities computed here are congruent with the "strong" and "medium" labels given to the ν 1 and ν 3 modes, respectively, by Tchir and Spratley 1 and confirmed by Andrews and coworkers. 4 The ν 1 and ν 3 modes shift expectedly downward from their harmonic brethren, but ν 2 increases to 524.5 cm −1 from ω 2 = 518.1 cm
. Small positive anharmonicities are well-known for other low-frequency modes of similar molecules. 16 Additionally, comparison between the theoretical gas phase values and the Ar-matrix condensed phase values also compares expectedly 24, 25, 48 with the CcCR ν 1 at 1566.4 cm −1 and the Ar-matrix ν 1 at 1527.2 cm −1 (Ref. 5). The two-quanta overtones and combination bands are also given in Table II , respectively. The prediction of overtones and combination bands becomes less reliable than fundamentals for QFFs since small errors in the fundamentals can compound in the higher-quanta modes. 49 Even so, the assignment of the ν 1 versus the 2ν 3 modes is still unclear. There is no doubt that significant mixing and Fermi resonances are taking place for these two modes, but previous experiment 4, 5 has assigned the lower frequency mode to ν 1 and the higher frequency mode to 2ν 3 as is given in Table II . Theoretical work by Yazidi and coworkers 14 has inverted that assignment with the admission that significant mixing is taking place. The established CcCR VPT2 methodology utilized here approaches the problem differently than the variational results from Yazidi and coworkers. VPT2 actually agrees with the assignments from the condensed phase experiment. Again, there is significant mixing between the two states in the nuclear wavefunction. In fact, the 2ν 3 = ν 1 type-2 Fermi resonance creates issues with the involved modes for 34 
SNO.
Even though SPECTRO assigns the 1636.1 cm −1 frequency to ν 1 and the 1558.2 cm −1 frequency to 2ν 3 , we have chosen to reverse this assignment due to patterns present from the other isotopologues. The clearest way to tell the difference in gas phase results will come from the intensities. As stated previously, the N-O stretch will be extremely bright. The 2ν 3 will be significantly dimmer.
The same sets of harmonic fundamentals, anharmonic fundamentals, zero-point energies, and two quanta frequencies are also given for 34 SNO, S 15 NO, and SN 18 O in Table II . The vibrationally averaged rotational constants for the fundamental vibrational frequencies are also given in this table in order to provide a complete set of rovibrational spectroscopic data for the community.
B. OSN
The force constants for OSN given in Table III differ from those in Table I most notably in that while the O-S force constant (F 11 ) is of similar magnitude as the S-N force constant (F 11 ) in SNO, the S-N force constant (F 22 ) in OSN is nearly half this value. However, the OSN bond lengths (Table IV) • . Additionally, the A-type rotational constant is an order of magnitude larger than the B-and C-type constants, but the differences between the two groups are less than SNO and greater between B 0 and C 0 in OSN. Similar trends are present in the rotational constants for OSN for single-isotopic substitution as they are in SNO. The equilibrium quartic and sextic distortion constants are also provided for OSN and each of its isotopologues. The 1.19 D dipole moment is larger here for OSN than the dipole moment in SNO.
It is interesting to note that the OSN isomer is actually more thermodynamically stable than the seemingly more common SNO radical. OSN is 2.67 kcal/mol (934 cm Table IV as , 341 cm −1 above the SNO minimum. Hence, SNO may actually be a preferred kinetic product in the reactions that create [N, O, S] species since it is not the thermodynamic minimum.
The vibrational frequencies for OSN have previously been labelled as the S-O and S-N stretches, but the anharmonic analysis shows that a better description may actually be the symmetric and antisymmetric stretches that one would find in the analogous SO 2 molecule. 50 Even though nitrogen is less massive than oxygen, the relative masses for each atom compared to sulfur are not significantly different, especially for inclusion of 15 N. Such a labeling is further corroborated by the double-harmonic intensities. The ω 1 double-harmonic intensity is 282 km/mol. The ω 3 intensity is 14 km/mol. The two stretching frequencies also differ by roughly 200 cm
showing that they are of similar construction as one would expect for symmetric and antisymmetric stretching pairs. The low-energy bend is much brighter for OSN than for SNO, where the OSN bend should be much more visible.
The anharmonic frequencies from Table IV shift expectedly from the anharmonic values with the ν 2 bend once more giving a slight positive anharmonicity. The 1209.2 cm −1 CcCR QFF ν 1 is in the right range as the original 1195 cm −1 Armatrix detection. 2 As such, it appears as though the original assignment is valid. Again, the actual label may not be complete. Even though these ν 1 and ν 3 frequencies in OSN are roughly 150 cm −1 less than the corresponding frequencies in SO 2 , the difference between symmetric and antisymmetric S-O stretches therein is about 200 cm −1 . 50 For OSN ν 1 and ν 3 , the frequency difference is 198.5 cm −1 adding further credence to the description of these two modes as symmetric and antisymmetric pairs. The ν 2 bend is quite low at 302.1 cm −1 . The two quanta overtones and combination bands round out the vibrational data, and the rotational constants for each vibrational state are also provided here for OSN. The isotopologue frequencies and rovibrational data give a complete picture of this system in order to assist in subsequent spectral analysis of this molecule whether in the laboratory, atmosphere, or beyond.
IV. CONCLUSIONS
Even though equilibrium OSN is slightly lower in energy than SNO, SNO has the most experimental and computational data available. This may be due to kinetic effects as opposed to thermodynamic considerations. Comparison of the previous experimental data to the CcCR QFF results lends credence to the assignments of the SNO ν 1 and 2ν 3 modes in the Ar-matrix which are different from the theoretical assignments of Yazidi and coworkers. 14 The intensities computed here also show that the ν 2 bend was not observed in these experiments due to its very low intensity. Additionally, the CcCR VPT2 frequencies for both SNO and OSN compare to the condensed-phase data expectedly giving reason to believe that the CcCR frequencies should also be within 5-15 cm −1 of gas phase experiment as has been noted in the previous benchmarks with the same methodology. Furthermore, OSN has behavior akin to that of a C 2v molecule such as the closely related SO 2 system known to exist in planetary atmospheres as well as in the ISM. The relative masses of nitrogen and oxygen compared to sulfur are similar giving it more symmetric behavior than planar SNO. Finally, spectroscopic data for OSN and its isotopologues have been provided here for the first time, and a more complete description of SNO and its isotopologues is also given. Hence, the presence of OSN and SNO may yet be confirmed in the atmosphere or ISM since accurate theoretical data are now available.
